In introduced organisms, dispersal propensity is expected to increase during range expansion. This prediction is based on the assumption that phenotypic plasticity is low compared to genetic diversity, and an increase in dispersal can be counteracted by the Allee effect. Empirical evidence in support of these hypotheses is however lacking. The present study tested for evidence of differentiation in dispersal-related traits and the Allee effect in the wind-dispersed invasive Senecio inaequidens (Asteraceae). We collected capitula from individuals in ten field populations, along an invasion route including the original introduction site in southern France. In addition, we conducted a common garden experiment from field-collected seeds and obtained capitula from individuals representing the same ten field populations. We analysed phenotypic variation in dispersal traits between field and common garden environments as a function of the distance between populations and the introduction site. Our results revealed low levels of phenotypic differentiation among populations. However, significant clinal variation in dispersal traits was demonstrated in common garden plants representing the invasion route. In field populations, similar trends in dispersal-related traits and evidence of an Allee effect were not detected. In part, our results supported expectations of increased dispersal capacity with range expansion, and emphasized the contribution of phenotypic plasticity under natural conditions.
The range of an increasing number of plant species is expanding due to introductions, migration, and/or climate change (Pitelka 1997 , Vitousek et al. 1997 . The success of range expansion is strongly influenced by dispersal strategies. Therefore, an enhanced understanding of dispersal dynamics can improve invasion predictions (Travis and Dytham 2002) . Seed dispersal is an integral component of plant life history, and fundamental in determining spatial patterns, population growth rates, and rates of species advance following climatic or other environmental change (Clobert et al. 2001 , Levin et al. 2003 . Several scenarios explain the evolution of dispersal strategies. In a competitive framework, a specific mode of dispersal may be favoured even if it is costly, provided that it results in establishment of the disperser over the nondisperser (Hamilton and May 1977) . During range expansion, long-dispersed progeny has the opportunity to exploit habitats beyond the current range, and hence to be advantaged. This intrinsic advantage to dispersers is enhanced due to reduced competition among close relatives, especially sibs (Dieckmann et al. 1999) . Furthermore, dispersal can reduce inbreeding and the potential for deleterious genetic effects (Moore and Ali 1984, Dieckmann et al. 1999) .
In wind-dispersed Asteraceae, dispersal success is contingent on both propagule mass and dispersal structure (i.e. pappus) size (Matlack 1987) , which are involved in separate, though related, ecological functions (Cappuccino et al. 2002) . A large pappus and a light propagule are expected to favour dispersal, whereas a heavy propagule is expected to produce large and more vigorous seedlings (Black 1957 , Dolan 1984 , presumably conferring a competitive advantage (Roach and Wulff 1987) . Tradeoffs between propagule mass and dispersal structure size might therefore be the result of contrasting forms of selection. Previous studies have analysed dispersal trait variation in plants, primarily in Asteraceae (McGinley 1989 , Venable and Burquez 1990 , Prince and Benoit 1995 , Cody and Overton 1996 , Welham and Setter 1998 , O'Connell and Eckert 2001 , Flann et al. 2002 , Soons and Heil 2002 , Gravuer et al. 2003 , Riba et al. 2005 . These studies reported evidence of variation in seed and pappus traits, and in some cases concluded the observed variation was the result of rapid evolutionary processes. However, the majority of these studies were performed from diaspores collected under natural conditions, and the variation may be the result of genetic and environmental effects. Generally, the contribution of phenotypic plasticity to seed dispersal traits is not well understood (Olivieri and Berger 1985, Donohue et al. 2005) . Riba et al. (2005) used both diaspores from field populations and a common garden to address phenotypic variation in seed dispersal traits. This approach allowed for a separation of genetic-based differences and phenotypic plasticity in response to environmental variation.
In invasive plant species, variation in dispersal traits may be expected for range expansion (Holt 2003) . During early naturalization, short-distance dispersal that extends population size incrementally should be favoured by selection because long-dispersed descendants are likely to suffer a strong Allee effect (Allee 1931 , Lewis and Kareiva 1993 , Stephens et al. 1999 , Cappuccino 2004 , i.e. a reduction in reproductive output due to low density and subsequent mate unavailability. During colonization, individuals exploiting new areas descend from good colonizers and thus are expected to have genes that confer high dispersal capacity. Moreover, they are the primary progenitors to the subsequent generations. Within newly founded populations, environmental conditions may in turn act on the selection for higher dispersal (Dytham 2009 ). The individuals and resulting populations at the invasion front will likely face selection for traits conferring effective dispersal and an increase in dispersal ability during invasion is expected (Travis and Dytham 2002, Holt 2003) . At an invasion front, however, population densities may be low, and reproduction in small populations may be inhibited due to the Allee effect (Allee 1931, Taylor and Hastings 2005) . Dispersal evolution during range expansion has been mainly approached through predictive modelling (Travis and Dytham 2002 , Holt 2003 , Phillips et al. 2008 . Travis and Dytham's model (2002) , which focus on alien species invasion from a single introduction source, indicates that the best dispersers are selected during invasion. Therefore, selection may result in a more rapid expansion than expected under evolutionary stasis. But when the Allee effect was considered in the model, results showed that invasion was slowed due to a decrease in diaspore survival outside the current range and in selection for dispersal. Clearly, this approach lacks the empirical validation required to fully understand the properties inherent in invasive plant species. To our knowledge, no empirical studies on seed dispersal trait variation along an invasion route have been published (but see Phillips et al. 2008 for an example in animal dispersal). This may be due to several constraints in methodology: 1) the relationship between dispersal and diaspore traits must be assessed, 2) the invasion history and ideally, the particular invasion route must be documented, and 3) diaspore traits should be analysed from field collections and those grown under controlled conditions (Riba et al. 2005) .
In southern France, Senecio inaequidens (Asteraceae) is particularly well suited to serve as a model species to study the evolutionary history of invasive plants. The species has a well documented invasion history, including evidence of a single introduction site (Guillerm et al. 1990 , Ernst 1998 . In the present study, we analysed dispersal-related traits from 837 diaspores representing 99 S. inaequidens field and common garden individuals, to test the hypothesis that dispersal capacity increases with range expansion. We looked for an Allee effect among field populations, based on the number of achenes per flower head and the rate of achene abortion.
Material and methods

Study organism
Senecio inaequidens is a short-lived perennial native to South Africa and Lesotho, with a life span of 5-10 years (Ernst 1998 , Brunel 2003 , Lafuma et al. 2003 . The species typically reaches 1 m in height, with numerous stems bearing yellow capitula. Individuals can produce up to 1500 flower heads during the flowering period, even in the first year following germination, and each capitulum bears approximately one hundred achenes (Lopez-Garcia and Maillet 2005) . Germination can occur soon after dispersal, i.e. during the same season (Monty unpubl.) . In France, flowering occurs from April through December. S. inaequidens is pollinated by many different generalist insects, including Hymenoptera, Lepidoptera and Diptera (Ernst 1998) . Achenes are mainly wind-dispersed (Monty et al. 2008) .
Senecio inaequidens was accidentally introduced to Europe in the late 19th -early 20th centuries where only tetraploids are reported. In its native range, the species occurs as two co-existing cytotypes (Lafuma et al. 2003) . Several introductions occurred in Europe, each tied to wool importation (Lousley 1961 , Ernst 1998 . For several decades, specimens were only documented in the vicinity of European woolprocessing centres (Ernst 1998 (Guillerm et al. 1990 ). In southern France, Guillerm et al. (1990) documented a progressive colonization of the species, and found that for decades, it was only reported in the vicinity of the wool-processing centre of Mazamet. It was not until after 1950 that it steadily expanded throughout areas geographically outside the existing wool industrial centres. By the 1970s, the species had colonized areas of southwestern France well within the first introduction region and was considered an agricultural weed. In the early 1980s, the species reached the Mediterranean coast from Mazamet. Its expansion continued south from the mid-to late-1980s, and was subsequently reported from the Iberian Peninsula (Casasayas Fornell 1990) . The species also colonized the Oriental Pyrenean, and was first recorded in Nohèdes (altitude ca 800 m) in 1987 (Cottrel et al. 1998 ). This uphill colonization continued (Cottrel et al. 1998) , and the species is presently distributed at elevations reaching 1700 m, well within the Pyrenean. Figure 1 was adapted from Guillerm et al. (1990) . Occurrence of the species referenced in the peer-reviewed literature were reported on the map with the year of occurrence (Aseginolaza et al. 1984 , Guillerm et al. 1990 , Cottrel et al. 1998 , Garcia-Serrano et al. 2004 ) to illustrate the chronology of S. inaequidens range expansion in southern France, from the wool-processing centre of Mazamet. Not all existing populations are therefore reported on the map. Since the species is abundant in this region, the exact year of population establishment is generally unknown and we assumed the chronology inferred from published occurrence to be representative of the whole colonization in southern France. If the species is abundant in this area, to date, S. inaequidens remains absent from several areas in central and eastern France, indicating that invasion fronts from Mazamet and other introduction sites (Belgium, Italy) have not yet converged (Monty unpubl.) . The invaded area represented in Fig. 1 is thus poorly connected to other invaded areas in Europe.
Due to a particularly well-documented invasion history, S. inaequidens has been used as a model species in several evolutionary studies ( 
Populations at increasing distances from the source
Based on the S. inaequidens expansion chronology in southern France ( Fig. 1) , we selected ten populations at increasing distance from the initial introduction site of Mazamet (Guillerm et al. 1990 ). Populations were located along the invasion route (Fig. 1 , see also Table 1 in Monty and Mahy 2009), first towards the Mediterranean, then along the Mediterranean coast, and into the Pyrenean towards northern Spain. The source population was located at an abandoned wool-processing factory in Mazamet, at the site where the species was first recorded. For each population, the expansion distance (ED, km) from the source was calculated as the shortest distance along a road using www.viamichelin.fr. Road distance was more relevant than air distance because S. inaequidens is known to follow roads and railways during colonization (Ernst 1998) . The altitude (ALT, m) of each population was derived from topographic maps. In each population, the total number of individuals (NTOT) was counted. On 12 randomly selected individuals per population, the distances to the three nearest neighbours were measured, and the average of the 36 values was used as an estimate of the population density (DNN, cm).
Sampling design
We compared diaspores collected in the field and from a common garden experiment. In November 2005, we randomly collected achenes from ten individuals per population for a common garden experiment. The achenes were sown and thinned to one descendant per parent plant in a randomized block design on an open field in Gembloux, central Belgium (Monty and Mahy 2009) . Free-pollinated capitula were collected from common garden plants in summer-early autumn 2006. We collected one capitulum per plant individual on three to six individuals per population. The total number of individuals sampled was 45. In November 2007, we randomly selected five to six individuals per field population (the individuals were assumed to be different from those sampled in 2005), and collected one capitulum per plant. The total number of individuals sampled was 54. All capitula were stored together at room temperature in pierced boxes until the diaspores were measured in September 2008. The number of nondeveloped (aborted) diaspores (NAD) and the total number of diaspores (ND) were determined for each capitulum. Non-developed diaspores are typically flat and whitish, and easy to distinguish from viable ones.
Diaspore traits
Dispersal capability of wind-dispersed diaspores can be successfully predicted from diaspore terminal velocity, which can be accurately estimated from morphological characteristics (Sheldon and Burrows 1973 , Platt and Weiss 1977 , Morse and Schmitt 1985 , Augspurger and Franson 1987 , Matlack 1987 , Cody and Overton 1996 , Gravuer et al. 2003 . A recent study indicated that terminal velocity and dispersal of S. inaequidens diaspores could be predicted using a single trait parameter: the square root of the plume loading (Monty et al. 2008 ). Plume loading is defined as the ratio of the diaspore mass to the area of the horizontal projection of the pappus (Augspurger and Franson 1987, Matlack 1987) . The lighter the diaspore and the larger the pappus, the lower the plume loading. Low plume loading induces low terminal velocity and therefore, increases dispersal distance.
Seven to 10 diaspores per capitulum were measured with a total sample size of n  375 from the common garden and n  462 from field populations. An important withincapitulum variation has indeed been reported in the study species (Monty et al. 2008) . For each diaspore, we measured pappus diameter (PD, mm) to the nearest 0.01 mm using an electronic digital calliper. After removing the pappus, the diaspores were weighed to the nearest 0.001 mg. Plume loading (or mass-area ratio, MAR, kg m 22 ) was calculated as
where AM is the achene mass (mg).
Data analysis
We analysed the variation in ND and in the ratio NAD/ND, i.e. the proportion of aborted achenes, among field populations. Variation in these two capitulum traits along the 
Diaspore trait variation
As shown in Table 1 , the influence of ED on MAR and its components (AM and PD) differed with GE, as reveal by the significant GE  ED interactions. In the common garden, MAR decreased (F 1,8  10.89, p  0.011) and PD increased (F 1,8  8.60, p  0.019) with increasing distance from the source population, whereas this was not the case in field populations. In the field, the influence of ALT on MAR (F 1,8  3.72, p  0.090) and AM (F 1,8  4.44, p  0.068) was marginally significant.
Discussion
Lack of evidence for an Allee effect
No clear pattern of variation was found along the transect for the proxies of fitness we used. The proportion of aborted achenes mainly refers to the efficiency of crossings between individuals, whereas the total number of achenes per capitulum is assumed to express the fitness of individuals. It has to be noted, however, that the fitness of individuals also depends on the number of flower heads produced, the success of descendants, etc. We found no evidence for an Allee effect sensu stricto, i.e. no reduction in reproductive performance in relation to demographic parameters like population size transect can reveal fitness variation among field population, notably due to an Allee effect. A linear mixed-effects model was fitted with ND as response, NTOT, DNN, ED and ALT as predictors and population as grouping factor (Bates 2005) . A similar model was fitted with NAD/ND as response. An Allee effect would typically be illustrated by a relationship between the proportion of non-developed achenes and the population density or size, and one could expect those demographic parameters to decrease with increasing geographic distance or altitude. Pearson's correlations were calculated between the predictors. Variation in dispersal capacity of individuals was analysed using linear mixed-effects models with MAR as response. The growing environment GE (common garden vs field populations), the expansion distance ED, and the altitude ALT, as well as the interactions between GE and ED and between the GE and ALT, were included as fixed predictors. Population and individuals (nested within population) were included as grouping, i.e. random, factors (Bates 2005) . ED was included to test our main hypothesis that dispersal capacity evolved along the invasion route. The interaction thereof with GE was included to assess the genetic origin of the influence of ED. ALT, as well as the interaction thereof with GE, was included as altitude can have a confounding effect with expansion distance along the study transect. A similar model was then fitted with AM and PD as responses, to analyze the effects of the different predictors on the two components of MAR. We used backward selection to remove non-significant terms from the initial model. In the case of a significant effect of the interaction between GE and other predictors, we fitted a linear mixed-effects model for each growing environment, separately. Statistical analysis was executed using R ver. 2.0.8 (R Development Core Team 2008) . MAR data were log-transformed to improve normality of residuals.
Results
Demographic and fitness variation in field populations
The study transect was 171 km long, and encompassed an altitudinal variation of 1633 m. NTOT varied from 101 Table 1 . Backward-selected linear mixed effect models for the effect of the growing environment (GE), the expansion distance (ED) and the altitude (ALT) on dispersal traits (plume loading MAR and its two components, achene mass AM and pappus diameter PD) of S. inaequidens, along the invasion route in southern France. The dataset included 837 samples from 99 individuals, in 10 populations. As the GE  ED interaction was significant, a model was fitted for each GE, separately. Significant results are in bold. pappus, resulting in lower MAR and a higher dispersal potential. Because it was observed in a common garden, this variation among populations was, at least partially, under genetic control (Clausen et al. 1940 ). The predictive model of Travis and Dytham (2002) is congruent to these results. MAR reduction is primarily the result of an increase in pappus size, and not to variation in achene mass. It is important to note that pappus dimensions are essentially associated with dispersal ability, whereas achene mass is likely related to seedling fitness (Black 1957 , Dolan 1984 . Former studies that addressed the relationship between dispersal capacity and seedling fitness found a tradeoff between these two fitness traits, i.e. increased achene mass confers higher growth rates, but carries a cost in terms of dispersal ability (Meyer and Carlson 2001 , Cappuccino et al. 2002 , Píco et al. 2003 .
Variables
In a recent study, we demonstrated that S. inaequidens exhibited clinal differentiation in growth traits during invasion in southern France (Monty and Mahy 2009) . Specifically, plant height at initial flowering and maximum height decreased in mountainous populations as elevation and distance from Mazamet increased. In terms of dispersal, this phenotypic trend elicits a negative influence on the effective seed rain through a reduction in mean release height (Monty et al. 2008) . Independent of environmental conditions, an antagonistic relationship between the following attributes may operate: a reduction in mean release height; and an increase in dispersal potential with an elevation gain and distance from the source population.
According to several studies, selection may act to reduce dispersal in heterogeneous environments where progeny survival is greater in the maternal environment than in the non-predictable dispersed environment (Mathias et al. 2001 , Cheptou et al. 2008 ). In the future, assessing habitat heterogeneity within the invaded area of S. inaequidens in southern France could help better understanding the selection pressures acting on dispersal.
Comparison between field and controlled conditions
It is noteworthy that no pattern similar to the clinal trend in the common garden was detected in the field populations. Populations at the migration front exhibited a high potential for dispersal, but the phenotypes were not characteristic of better dispersers. If dispersal is under genetic influence, it is also a plastic trait, under many environmental influences. While this is clearly recognized in the literature about animal dispersal (Merckx and Van Dyck 2006) , plasticity of dispersal and its evolutionary implications was poorly investigated in plants (but see Clobert et al. 2001, Imbert and Ronce 2001) . Using a modelling approach, Ronce et al. (2005) predicted that selection should favour plastic strategies allowing plants to increase their dispersal rate in older population, in the context of ecological succession. As our transect follows a chronological colonization, populations near the source are expected to be older than populations near the migration front. The former can therefore show different patterns of phenotypic plasticity than the latter, thus obscuring the genetic trend in the field.
Few published studies comparing the levels of phenotypic variation under natural versus controlled conditions for dispersal-related traits are available (but see Riba et al. or average distance between neighbouring plants. This result is congruent with those of Van Kleunen and Jonhson (2005) who found no evidence for an Allee effect in invasive populations of a nonclonal, insect-pollinated shrub, but contrast with those of Cappucino (2004) . That fitness traits do not decline at the expanding front also suggests the species (at least for the populations we sampled) is expanding into good quality habitat, with sufficient pollinators, and/or that expansion has likely not yet reached equilibrium. Besides, demographic parameters appeared not to be correlated to expansion distance or altitude along the study transect, indicating they are most likely related to other environmental conditions. Travis and Dytham (2002) suggested that in the absence of an Allee effect, high rates of dispersal should be favoured by selection during invasions.
Clinal trend under common garden conditions
Previous analyses of intra-specific variation in dispersal traits have revealed increased dispersal potential in putatively more recently established plant populations (Olivieri et al. 1983 , Peroni 1994 . However, few studies of large-scale geographic variation in dispersal traits have been reported. Cwynar and MacDonald (1987) found increased dispersal potential in lodgepole pine populations at the migration front associated with post-glacial range expansion. Darling et al. (2008) found increased dispersal potential towards range margins in the endemic Abronia umbellate (Nyctaginaceae), which is consistent with enhanced selection for dispersal at range limits. In animals, the annual rate of progress of the cane toad Bufo marinus invasion front has increased since the toads first arrived, and individuals at the front have longer legs than toads in older (long-established) populations, enhancing their dispersal capacities (Phillips et al. 2006 ). These studies indicated that dispersal can be under different selection pressures in different parts of the range. Using a evolutionary simulation model, Dytham (2009) showed that habitat turnover, reduced reproductive success and reduced habitat quality all increase evolved dispersal distances at the margin, while increased cost of dispersal and reduced habitat density lead to lower evolved dispersal distances at the margins. Here we report a tenuous clinal variation in dispersal along an invasion route, in a spatial context, in relation to the distance to the site of first introduction of an invasive plant. If this distance coincides with a chronological pattern, it was preferred to population age fort the tested hypothesis was inherently spatial. Monty et al. (2008) demonstrated that in S. inaequidens, plume loading (MAR) was integral in terminal velocity. It was therefore a suitable trait to assess dispersal capacity of diaspores or plant individuals. Even though rare long-distance dispersal are not only determined by terminal velocity (Nathan 2006 , Nathan et al. 2008 , terminal velocity was indeed repeatedly recognized as a key biotic determinants of dispersal (Gravuer et al. 2003 , Nathan and Katul 2005 , Monty et al. 2008 . In the present study, we found a low level of differentiation in MAR among populations. However, this trait showed clinal variation in the common garden. Under controlled environmental conditions, plants originating from populations located further from the primary introduction site produced diaspores with a larger recent models (Travis and Dytham 2002, Ronce et al. 2005) and highlight that the inclusion of phenotypic plasticity in modelling could improve dispersal predictions.
More attention should be paid to studies on dispersal evolution during plant invasion. In particular, the consequences of dispersal capabilities on the invasion pattern and on forecasting and monitoring invasive plant migration should be addressed, and at a broader geographic scale. However, current hypotheses still require further empirical validation. In order to elucidate the genetic patterns and trends of dispersal, studies should include an assessment of phenotypic variation under both controlled and field conditions. 2005). Venable and Burquez (1990) found little difference in phenotypic variation between natural and controlled conditions for several plant traits in Heterosperma pinnatum (Asteraceae). Riba et al. (2005) reported a similar pattern, with comparable phenotypic variation in both growing environments. Our results also suggested that the levels of phenotypic variation are similar under natural versus controlled conditions (see error bars in Fig. 2) . A decrease in phenotypic variation might be expected under controlled conditions, due to suppression of the environmental sources of variation. However, some authors have argued that controlled conditions might increase differentiation among populations (Mitchell-Olds and Rutledge 1986). Phenotypic variation in the field may not reflect the evolutionary potential of a species because of environmental effects. Alternatively, phenotypic variation measured in common gardens might not be associated with the levels of genetic variation actually present in natural populations, because of genotype  environment interactions. The present study showed a pattern of variation presumably dictated by growing conditions. The phenotypic differences observed in the field and common garden populations are most likely attributable to phenotypic plasticity. The distance-to-the-source study transect also followed an altitudinal gradient. However, we found no significant (but marginally significant) effect of altitude on dispersal capacity, indicating a low influence of climatic conditions. Soil nutrient levels, inter-specific competition and disturbance regimes may be partly responsible for the differences observed between field and common garden data (Ronce et al. 2005) . In a study of maternal effects in S. inaequidens, Monty et al. (2009) suggested that a plastic response to environmental conditions, at least in some populations, explained variation in achene mass.
Most studies on the evolution of dispersal infer dispersal ability from field collected diaspores (Cody and Overton 1996, Gravuer et al. 2003) , and consider the observed patterns of variation as genetically-based. Riba et al. (2005) revealed comparable differentiation patterns among populations in both controlled and natural conditions, lending support to these previous phenotypic studies. In the present study, we found no clear pattern of variation in the field but a significant one under controlled conditions. These results indicated that the study of seed dispersal evolution under controlled and field conditions conveys complementary pieces of information, especially when field conditions are varied which can enhance phenotypic plasticity.
Conclusion
This study is among the first to generate empirical evidence of dispersal trait evolution during plant invasion. We focussed on a short spatial scale to ensure a well documented, gradual, colonization history. Our study transect represented the colonization progression of the invasive S. inaequidens in southern France. During its range expansion towards the high Pyrenean, the species appears to have experienced slight selection in favour of effective dispersal traits. Based on the inferred genetic trend, a more rapid invasion should result by selection for better dispersers. Phenotypic differentiation was however low, and we did not detect better dispersing phenotypes in the field. Our results are congruent with 
